A B S T R A C T To assess the effect of age on 18-cell insulin release, collagenase-isolated islets of Langerhans were obtained from rats aged 2-18 mo and incubated with increasing concentrations of glucose. Similar islets were analyzed for insulin content or subjected to morphometric measurements to identify both the number of 13-cells and the volume of 8-granules per islet. In parallel studies, the islet content of intact pancreata was also determined. The results showed thatf1-cell number increased from 2,300 to 5,000 cells as rats aged from 2 to 18 mo and islet insulin content doubled. However, glucose-stimulated insulin release decreased progressively with age, and this was especially striking when considered in terms of the increase in number of,1-cells/islet; e.g., mean (±SEM) insulin secretion (nanounits per minute per ,8-cell) of islets incubated with 450 mg/dl of glucose was 1.3 (±0.2), 1.0 (±0.1), 0.4 (±0.05), and 0.3 (±0.01), respectively for 2-, 6-, 12-, and 18-mo-old rats. Thus, insulin secretion per 13-cell was decreased, despite increased stores of insulin per cell. These findings demonstrate that the aging process leads to a profound defect in glucose-stimulated insulin release from the ,8-cell. Whether this is a global secretory defect, or solely a failure ofthe ,3-cell to respond to glucose, remains to be defined.
INTRODUCTION
Controversy still exists as to the effect of age on 18-cell function. The majority of studies ofboth man and rat in which plasma insulin levels have been measured suggest that the insulin response to a glucose challenge does not deteriorate with age (1-13). However, this does not necessarily mean that B-cell function is normal. The plasma insulin concentration at any given time after glucose stimulation is a function of a number of complex homeostatic interactions, only one of which is the intrinsic ability of the 13-cell to respond to glucose. Thus, factors such as the activity of intestinal insulin secretagogues, prevailing plasma glucose concentration, insulin turnover rates, total 18-cell mass, etc., can significantly affect plasma insulin concentrations, and make it extremely difficult to define the effect of age on the insulin secretory capacity of the ,3-cell. The complex nature of this problem has been clearly stated by Andres and Tobin (14) . These authors approached the dilemma by using a "glucose clamp" technique in which the insulin secretory response is measured after plasma glucose concentration is "clamped" at a fixed plateau by varying glucose infusion rates. They concluded that 8-cell sensitivity to glucose diminishes with age, but that the response to a maximal glucose challenge is unaltered. Although this approach is preferable to simple measuring plasma insulin concentrations after a glucose challenge, it is not free of problems. Its validity is based upon at least three assumptions: (a) plasma insulin response is a direct function of co-existing plasma glucose concentration; (b) total 13-cell mass does not change with age; (c) insulin turnover rate is essentially the same in all individuals. Unfortunately, none of these issues has been well studied, and there are experimental observations which cast doubt on the validity of the first two premises (15, 16) . In light of these considerations it is obvious that the question as to the effect of age on 18-cell function is not a simple one, and that the data currently available will not suffice for an answer.
In an effort to deal with this issue we have approached it in a different fashion. On the one hand we have studied glucose-stimulated insulin release by isolated islets, permitting us to quantify insulin secretion in a system which is free of many of the confounding variables described above. In parallel studies we have used stereological techniques to determine islet and 13-cell size, and the ratio of 13-cells per total islet tissue. From these latter measurements we can determine the number of (3-cells per islet, and by the use of this combined functional and structural approach, we can relate insulin secretion to a single (average) ,B-cell. In this present report we have used these techniques to define the effect of age on glucosestimulated insulin release by the individual ,8-cell.
METHODS

Animals
Male Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, Mass.) with documented birthdates were used for all experiments. Young rats were allowed to mature from 2 to 6 mo of age before being studied, whereas older rats were used at 12 mo or allowed to age to 18 mo. Major emphasis has been placed on comparisons between 2-and 12-mo old rats, but various measurements were made also on rats 6 or 18 mo ofage. Rats were fed standard rat chow (Wayne Lab Blox, Allied Mills, Inc., Chicago, Ill.) ad lib. and maintained on a 12-h light-dark (6 a.m./6 p.m.) cycle. Food was removed at 8:30 a.m., and experiments begun at 12:30 p.m.
Pancreas
DRY WEIGHT In order to visualize and remove the entire pancreas, the organ was first inflated via the bile duct with distilled water. Subsequently the distended organ was removed from each animal, lyophilized for several days and weighed.
MORPHOMETRIC MEASUREMENTS
In these studies, pancreas inflation was carried out with Bouins' fixative. The entire pancreas was then removed, cut into two or three pieces (without regard to region), submerged in Bouins' fixative for an additional 24 h, processed, and then embedded as a single block in paraffin. The total pancreas of each animal was serially sectioned at 5 ,um, and every 100th tissue section (or 500 ,tm interval) was stained with hematoxylin and eosin. Four sections (separated from each other by at least 500 ,um) were chosen for analysis from each embedded block by a random number system. Using an eyepiece ocular grid it was possible to obtain values (by point-counting stereological methods [17] for the percent of islet, acinar, and connective tissue per unit volume pancreas. With these same procedures it was possible also to obtain values for the area of individual islets (from 200 to 300 islets were viewed from each pancreas). These figures, when corrected by the Giger-Riedwyl equation (17) (1) Islet volume. 25 islets from each preparation used for determination ofinsulin secretion were viewed in a dissecting microscope under x30 magnification. The X and Y diameter ofeach islet was measured with the use ofan eyepiece ocular, and a mean diameter calculated. Measurements were made using blindfold techniques: i.e., the individual measuring the islets did not know the age of the animals from which the islets were obtained. From these data, islet cell volume was obtained from the formula (4irr3)/3 (r = mean islet radius), based on the assumption that islets are essentially spherical in shape (20) .
Ratio of 13cells to total islet cells. These estimates were obtained from low magnification electron micrographs. Islets were fixed overnight in 2% glutaraldehyde (prepared in 0.1 M 'The exact incubation time varied somewhat with the batch of collagenase used; in general, tissue from 2-mo-old rats was digested at 37°C for slightly less time (6 min) than tissue from older rats (7 min).
2 To avoid bias in selection of islets, the following procedure was rigidly adhered to: all islets, regardless of size, which were freed from the acinar tissue mass were transferred to a second Petri dish. This dish of "clean" islets was swirled and all islets which settled within the field of the objective lens were collected in a plastic-tipped pipette and transferred 5-10 islets at a time to 10 vials. This procedure was repeated until each vial contained 25 islets. Thus, for each experiment, 250 islets were picked and these islets were dispensed evenly into 10 vials. The vials themselves were rotated daily so that the position of a vial in the line-up could not influence the experimental results. Percent 13granules per 13cell. 13-cells are recognized by their characteristic "mature" granules (membrane-bound structures containing both an electron-dense center and a prominent halo (Fig. 1A and B [22] ). In these studies, the percent of the cell occupied by mature 1-granules was estimated by standard point-counting stereological (volume density) techniques applied to electron micrographs (x 16,000) of randomly selected 1-cells. A profile of a representative ,1-cell appears in Fig. 1A . Distinguishing features between "mature" and "immature" 13-granules can be seen in Fig. 1B trations of glucose. The vials were then incubated for an additional 60 min under comparable conditions. After this, the medium was separated from the islets by filtration, and kept frozen at -25°C until assayed for immunoreactive insulin (24) . Comparisons were made between islets isolated by digestion and washing with those separated by means of Ficoll density gradient centrifugation. Since no differences in insulin secretion were noted, the former method was used for the routine preparation ofislets for measurement of insulin secretion.
RESULTS
Effect of age on body weight, pancreatic weight, and pancreatic composition. rat, it appears that the total islet tissue mass present in the 12-mo-old rat will far exceed that found in the younger rat. Thus, there is an increase in the proportion of islet tissue per volume pancreas, plus an absolute doubling of pancreatic size.
Effect of age on (3-cell number. Table II indicates that when islets of rats of different ages are separated by collagenase and measured directly, the average islet volume increases progressively with age. For example, the mean islet volume of 12-mo-old rats is 47% greater in volume than islets obtained from 2-mo-old rats. This observation is further defined in the histogram shown in Fig. 2 , which indicates that the range ofislet diameter is comparable in 2-and 12-mo-old rats, but that the pancreas of a 12-mo-old rat contains relatively more of the larger islets. These morphometric observations regarding islet size are supported by differences in the dry weight of islets from young and old rats: thus, the mean (+SEM) islet dry weight of 2-mo-old rats (n = 10) is 3.36+0.10 ,ug, as compared to 4.08+±0. 25 ,ug for an equal number of 12-mo-old rats (P < 0.01).
In contrast to islet volume, the data in Table II indicate that the volume of individual 8-cells does not increase as rats grow from 2 to 12 mo ofage. Furthermore, the results in Table II demonstrate that the percentage of (-cells per islet does not increase with age. If islet volume increases with age, and there is no change in either the size of the individual (8-cell, or the percentage of (3-cells per islet, there must be an increase in number of (-cells per islet as a function of age.4 Utilizing these data, and Eq. 1, it was 4Likewise, there must be an increase in other islet cells as a function of age. However, in these studies no further distincpossible to estimate the average number of (-cells present in islets obtained from 2-and 12-mo-old rats. These calculations appear in Table II , and indicate that islets from 2-mo-old rats contain _2,330 (3-cells.
In contrast, islets from 12-mo-old rats contain 3,410 ,8-cells, representing a 46% increase. Determinations of (8-cell volume, and percentage of (-cells per islet,
were not made in 6-and 18-mo-old rats. However, as seen in Table II , the values for these two variables are comparable in 2-and 12-mo-old rats. If one assumes that this is also true of 6-and 18-mo-old rats, it is possible to generate estimates of (3-cell number for these animals also by using the mean of the values for these variables found in the 2-and 12-mo-old rats. These estimates appear in Table II , and indicate that increasing age leads to a progressive increase in the number of (3-cells per islet.5
Effect of age on islet insulin content. Although the tion was made between glucagon, somatostatin, pancreatic polypeptide, and connective tissue cells, and it is not known whether the percentage of any of these cell types is altered as animals age. 5Although we have considered the islets to be spheres, some are clearly spheroids with a short and long axis. If islets from rats were considered "prolate spheroids" with a volume of (41rab2)/3 (where a = half the long axis and b = half the short axis) their volumes would be 18+2% (2-mo-old rats) and 16+2% (12-mo-old rats) less than their respective sphere volumes; if islets were "oblate spheroids" with a volume of The numbers in parentheses indicate the number of islet preparations on which analyses were conducted. * P < 0.01 as compared to values for 2-mo-old rats. (Table II) , but they contain more presumptive insulin-containing granules and more immunoreactive insulin as well.
Effect of age on glucose-stimulated insulin release. Given the results to this point, one might anticipate that insulin secretion per islet would increase progressively with age. However, this is not the case. In Fig.  3 , insulin secretion rates for islets incubated at different glucose concentrations are shown for 2-, 6,-12-, and 18-mo-old rats. With a glucose concentration of 50 mg/dl, essentially no insulin secretion is detected: at increasing glucose concentrations, islets from 2-moold rats show a linear insulin response reaching a maximum rate at a glucose concentration of 300 mg/dl. Insulin secretion from islets of 6-mo-old rats is somewhat lower (P < 0.01) than 2-mo-old rats at 300 mg/dl glucose. However, this difference is diminished at 450 mg/dl glucose, and the insulin response at this concentration is not statistically different from that of the 2-mo-old rats. In contrast, islets from older (12 and 18 mo old) rats show a dramatically reduced insulin secretory response at every glucose concentration studied.
From the data in Fig. 3 it appears that insulin release from islets of old animals may not reach maximal levels at a glucose concentration of450 mg/dl. To study this more thoroughly, we carried out additional experiments on islets from 2-and 12-mo-old rats at glucose concentrations ranging from 50 to 900 mg/dl. These data appear in Fig. 4 , and indicate that the maximal rate of glucose-stimulated insulin release for islets of 12-moold rats does, in fact, occur between 300 and 400 mg/dl, and is _50% lower than that of islets from 2-mo-old rats. The glucose concentration at which half maximal secretion occurs is 200 and 210 mg/dl, respectively, for islets of 2-and 12-mo-old rats.
The age-related decrease in insulin secretory rates noted for islets is even more dramatic when expressed per individual 13-cell. Thus, when glucose-stimulated insulin secretion (data from Fig. 3 5) . As a result, at 450 mg/dl glucose, the average ,p-cell from an 18-mo-old rat secretes insulin at only one-fourth the rate of an average ,-cell from a 2-mo-old rat.
DISCUSSION
The results of our studies of the intact pancreas have indicated that the weight of this organ increases with age, and that the incremental growth is proportional to the degree of weight gain. However, the increase in total islet mass that occurs with age is not simply a function of an increase in number of islets, since our morphometric measurements of the intact pancreas have indicated that there is also an increase in islet size (25) . Thus, age results in a change in both pan- Glucose conentralon (mg/dl) FIGURE 3 Glucose-stimulated insulin response of isolated islets from 2-, 6-, 12-, and 18-mo-old rats. The figures in parentheses represent the number of studies conducted for each age group. Each point represents the mean (+SEM) secretory rate of islets which have been isolated from each age group ofrats and incubated at different glucose concentrations.
creatic weight and composition. Parenthetically, it is worth noting that islets isolated by collagenase reflect this age-related increase in size, and, as such, provide confidence that the population of islets used in the in vitro studies resembles that which exists in vivo. Information gained from more detailed morphometric analyses of isolated islets from different aged rats demonstrate that aging also leads to an increase in both the average number of 8-cells per islet (Table II) and the volume of mature ,-granules per ,8-cell (Table III) .
As a result, the islet content of mature 8-granules essentially doubles as rats grow from 2 to 12 mo of age, and this figure approximates very closely the difference in total immunoreactive insulin content per islet between 2-and 12-mo-old rats.
However, despite this large increase in stored insulin, the data in Figs. 3 and 4 clearly indicate that glucosestimulated insulin release from isolated islets decrease as rats age. Furthermore, the results depicted in Fig. 4 suggest that this age-related defect in insulin secretion is due primarily to a loss of maximal insulin secretory capacity without any significant change in the sensitivity of the islet to glucose stimulation. On the other hand, one could argue that the decrease in glucosestimulated insulin release is an artifact of inadequate 4- Gluce concentration (rn/dl) FIGuRE 4 Insulin response of isolated islets from 2-and 12-mo-old rats to an extended range of glucose concentrations. Experimental details are the same as in Fig. 3 In an attempt to maintain glucose tolerance, there is a compensatory increase in pancreatic p-cell mass. The diffusion of glucose into the interstices of the larger degree to which glucose tolerance deteriorates in a islets. If this were true, there should be a pro-given individual may be a combined function of how gressive decrease in the rate of insulin secretion from successfully the pancreas has increased its P-cell isolated islets as rats age from 2 to 18 mo. That this is mass (and thus its ability to secrete biologically efnot the case can be seen from the data in Table II and fective insulin) and the presence of other, as yet un- Fig. 3 ; i.e. islets from 18-mo-old rats are larger than specified systemic factors which may either augment islets from 12-mo-old rats (Table II) , yet insulin the insulin response (gastrointestinal hormones?) secretion is approximately equal (Fig. 3) . A similar and(or) lead to a loss of normal insulin sensitivity. statement can be made concerning the islet volume and insulin secretion of isolated islets from 2-and ACKNOWLEDGMENTS 6-mo-old rats. Thus, it seems reasonable to conclude that age leads to a decrease in glucose-stimulated The impaired ability of the 8-cell to secrete insulin in response to glucose as a function of age. That this defect in P-cell insulin response is a progressive
